The nature of diatomic ligand recombination in heme proteins is elucidated by using a Landau-Zener model for the electronic coupling in the recombination rate constant. The model is developed by means of explicit potential energy surfaces calculated by using density functional theory (DFT). The interaction of all possible spin states of the three common diatomic ligands, CO, NO, and O2, and high-spin heme iron is compared. The electronic coupling, rebinding barrier, and Landau-Zener force terms can be obtained and used to demonstrate significant differences among the ligands. In particular the intermediate spin states of NO (S ‫؍‬ 3͞2) and O2 (S ‫؍‬ 1) are shown to be bound states. Rapid recombination occurs from these bound states in agreement with experimental data. The slower phases of O2 recombination can be explained by the presence of two higher spin states, S ‫؍‬ 2 and S ‫؍‬ 3, which have a small and relatively large barrier to ligand recombination, respectively. By contrast, the intermediate spin state for CO is not a bound state, and the only recombination pathway for CO involves direct recombination from the S ‫؍‬ 2 state. This process is significantly slower according to the Landau-Zener model. Quantitative estimates of the parameters used in the rate constants provide a complete description that explains rebinding rates that range from femtoseconds to milliseconds at ambient temperature. T he binding of diatomic ligands to heme has been studied for over 100 years (1). The dissociation of carbon monoxide (CO), nitric oxide (NO), and oxygen (O 2 ) from the iron of heme occurs by both a thermal and photolytic process (2-4). In the case of flash photolysis, the fate of the ligand depends on the competition between the intrinsic (or geminate) recombination rate constant and protein relaxation in a docking site roughly 3.5 Å from the iron as well as ligand escape from the protein (5-8). Recombination of these ligands occurs by the reverse of the thermal process. The time dependence of recombination serves as a probe of the intrinsic properties of the diatomic ligand-iron bond formation and dynamic processes that occur in the protein that surrounds the heme cofactor (9-11). The startlingly different recombination dynamics of CO, NO, and O 2 have been attributed to spin states in earlier work (3, 12) . In the present study, the ground state potential energy surfaces for the potential energy surfaces of all possible spin states are calculated by using density functional theory (DFT) and compared within the context of a Landau-Zener (L-Z) model for the intrinsic recombination process of each of the ligands. The observed recombination kinetics of CO, NO, and O 2 can be influenced by protein dynamics if the intrinsic recombination rate constant is slower than these dynamics (10, (13) (14) (15) (16) . When a combination of temperature and viscosity dependence is used, the general time scale for the intrinsic rate constants can be extracted, and it is these rate constants that are compared in the present work.
T
he binding of diatomic ligands to heme has been studied for over 100 years (1) . The dissociation of carbon monoxide (CO), nitric oxide (NO), and oxygen (O 2 ) from the iron of heme occurs by both a thermal and photolytic process (2) (3) (4) . In the case of flash photolysis, the fate of the ligand depends on the competition between the intrinsic (or geminate) recombination rate constant and protein relaxation in a docking site roughly 3.5 Å from the iron as well as ligand escape from the protein (5) (6) (7) (8) . Recombination of these ligands occurs by the reverse of the thermal process. The time dependence of recombination serves as a probe of the intrinsic properties of the diatomic ligand-iron bond formation and dynamic processes that occur in the protein that surrounds the heme cofactor (9) (10) (11) . The startlingly different recombination dynamics of CO, NO, and O 2 have been attributed to spin states in earlier work (3, 12) . In the present study, the ground state potential energy surfaces for the potential energy surfaces of all possible spin states are calculated by using density functional theory (DFT) and compared within the context of a Landau-Zener (L-Z) model for the intrinsic recombination process of each of the ligands. The observed recombination kinetics of CO, NO, and O 2 can be influenced by protein dynamics if the intrinsic recombination rate constant is slower than these dynamics (10, (13) (14) (15) (16) . When a combination of temperature and viscosity dependence is used, the general time scale for the intrinsic rate constants can be extracted, and it is these rate constants that are compared in the present work.
The rebinding of CO occurs as a single exponential process with a time constant of approximately CO Ϸ 1 s at ambient temperature and at a solvent viscosity below the intrinsic viscosity of the globin (Ͻ4 cP; 1 P ϭ 0.1 Pa⅐s) (17) (18) (19) . The geminate recombination process is slower than both protein relaxation and CO escape. The escape rate constant is Ϸ25 times faster than the geminate rate constant at ambient temperature leading to small geminate yield, ⌽ gem Ϸ 0.04 (17) . The CO ligands that escape from the globin enter the solvent. For CO ligands that have escaped into the solvent, recombination occurs as a bimolecular process with a yield of ⌽ bi Ϸ 0.96. At solution concentrations of [CO] Ϸ 1 mM, the bimolecular recombination lifetime is CO Ϸ1 ms. As the solvent viscosity is increased, ligand escape slows and the geminate yield increases (10, (18) (19) (20) (21) (22) (23) . Protein relaxation slows as well and both protein relaxation and geminate CO recombination become nonexponential (10, 16, (24) (25) (26) . However, the average time constant for the intrinsic geminate CO recombination process remains close to 1 s.
NO recombination is biphasic and occurs with time constants of NO Ϸ 10 ps and NO Ϸ 200 ps under ambient conditions (3, 14, 15, 27) . The bimolecular yield for NO is small ⌽bi Ͻ Ϸ0.01. The time constant for the rapid phase of NO recombination ( NO Ϸ 10 ps) is comparable to the most rapid phase of protein relaxation at a viscosity of 1 cP (8, 28) . Two models for the origin of the biexponential kinetics can be divided into a distal effect; two different potential energy wells within the distal pocket of the protein, (13, 15, 29) and a proxmial effect; a time-dependent barrier caused by iron out-of-plane motion (14, 30) . As the solvent viscosity is increased, NO recombination becomes increasingly single exponential with a time constant of NO Ϸ10 ps (15) . Because solvent relaxation slows with increasing viscosity, it follows that NO recombination occurs more rapidly than protein relaxation at high solvent viscosity. The intrinsic rate constant NO Ϸ 10 ps for NO recombination is Ϸ5 orders of magnitude greater than that for CO. Even more rapid NO recombination has been observed as a single exponential process in heme proteins that have constrained distal structures that restrict NO diffusion (31) .
Diatomic oxygen recombination is highly nonexponential at ambient temperature with a rapid phase of geminate recombination, gem1,O 2 Ϸ 3 ps (3), a longer picosecond phase, gem2,O 2 Ϸ 20-200 ps (3, 12, 32) , and a bimolecular process, bi,O 2 Ϸ 1 ms, with a yield of ⌽ bi Ͼ 0.05. Given the wide range in time scales for O 2 recombination, there is still some uncertainty regarding the yields for the various phases (32, 33) . However, generally speaking, the recombination can be divided into thirds, one-third ultrafast, one-third picosecond, and one-third nanosecond or slower (3, 32, 33) . Bimolecular recombination appears to occur as a fraction of the slowest phase and depends on solvent conditions (34) . The ultrafast process in O 2 recombination has been ascribed to recombination to a singlet state (3). The slower phases have been ascribed to the higher spin states (3, 12) .
The experimental data exhibit dramatic differences in the intrinsic geminate recombination rate constant. These differences have been attributed to the spin state differences of photolyzed ligands; CO (S ϭ 0), NO (S ϭ 1͞2), and O 2 (S ϭ 1) (3, 12) . Table 1 presents a mechanistic overview of a hypothesis for spin-dependent recombination rates that explains the differences between CO, NO, and O 2 recombination rates and the experimental time constants for the intrinsic processes. In the present study spin-dependent channels of re-combination have been verified by the combination of DFT and the L-Z model for the crossing of the potential energy surfaces.
Methods
The model system used in this study consists of an imidazole (Im) ligand bound to iron-porphine (FeP) trans to a diatomic ligand XO where X ϭ C, N, or O. The optimized ground state geometries and potential energy surfaces of Im-FeP-XO (X ϭ C, N, or O) were obtained by using the BLYP functional (35, 36) as implemented in DMOL3 (Molecular Simulations, Waltham, MA) (37, 38) . All calculations were carried out on the SGI͞Cray Origin 2000 and IBM SP supercomputers at the North Carolina Supercomputer Center (NCSC). Geometry optimizations were carried out without constraints until the energy difference was Ͻ10 Ϫ6 a.u. on subsequent iterations (see supporting information, which is published on the PNAS web site, www.pnas.org). Numerically tabulated basis sets of double-plus extra polarization (DNPP) quality were used as described in the supporting information. For the DNPP basis there are 4 basis functions for H (1s, 2s, 2p, 3d), 7 basis functions C, N, O [1s, 2s (2), 2p (2), 3d, 4f], and 12 basis functions for Fe [1s, 2s, 2p, 3s, 3p, 3d (2), 4s (2), 4p, 4f, 5g] (L. Bartolotti, personal communication). The potential energy surfaces were calculated for both Fermi (canonical ensemble) (39) and Thermal (grand canonical ensemble) treatments of the density functional (40) . The grand canonical (Thermal) option always converged to a lower overall energy. The grand canonical calculation was carried out at a finite temperature of k B T ϭ 0.02 Hartrees. Once a calculation was complete it was extrapolated to zero temperature by subtraction of the thermal electron occupation according to the grand canonical partition function. AVS (Advanced Visual System) and INSIGHTII (Molecular Simulations) programs were used for visualization of the results.
The potential energy surfaces shown in Fig. 1 were plotted in units of kJ͞mol vs. Å. When fit to the polynomial function 
frequencies were calculated by using the force constants, K ϭ 2B (units of kJ͞mol͞Å) and
slopes of the potential energy surface, dH͞dQ ϭ A (units of kJ͞mol͞Å) as reported in Table 2 . Applying a diatomic model, the reduced mass, 
Results
The calculated potential energy surfaces (PESs) for Im-FePdiatomic models of the three ligands, CO, NO, and O 2 are shown in Fig. 1 . The PESs were calculated along the coordinate Q D , which is the Fe. . . XO distance normal to the plane of porphine ring (X ϭ C, N, or O). Fig. 1 shows PESs calculated at three values of the coordinate Q P , which is the iron out-of-plane distance with an in-plane heme iron as the origin, Q P ϭ 0.0 Å. The PESs were calculated for all possible spin states. The binding energies for the diatomic ligands are Ϫ189.5, Ϫ190.9, and Ϫ158.9 kJ͞mol for in-plane geometry (Q P ϭ 0.0 Å) of Im-FeP-CO, Im-FeP-NO, and Im-FeP-O 2 , respectively, as shown in Fig. 1 A,  D , and G. The equilibrium Fe-XO bond lengths obtained from plots of the potential energy surfaces for bound states are given in Table 2 . The triplet state of Im-FeP-CO is essentially nonbonding, and the quintet state of Im-FeP-CO is dissociative for all values of Q P . Intermediate spin states for the NO and O 2 adducts are bound states (Table 2 ). For Q P Ͻ ϭ 0.2 Å, the hextet state of Im-FeP-NO is somewhat bonding, as are the quintet and heptet states of Im-FeP-O 2 . Table 3 summarizes the location of the crossing points and the barrier heights estimated by using the lowest energy geometry along the Q D coordinate as a reference point. For dissociative potential energy surfaces, the Q D ϭ 10 Å point was used as the reference energy.
The determination of the spin gap in the deoxy form of the iron porphine model is the most difficult quantitative aspect of these calculations (41, 42) . Previous work has shown that the spin gap obtained is more accurately calculated by using a DNPP basis set than the DNP basis set (43) . The DNPP basis set has qualitatively correct ordering with the possible exception of the Im-FeP-CO calculation for Q P ϭ 0.0 Å. For Q P Ͼ ϭ 0.2 Å, the quintet state is lower than the singlet state in energy, whereas for the Q P ϭ 0.0 Å calculation the quintet state is Ϸ7 kJ͞mol higher in energy. Larger basis sets tend to depress the energy of the higher spin states, and thus it is possible that the current basis set does not yield the lowest possible energy. Moreover, there are details such as geometry distortions of the heme (porphine) macrocycle that cause a splitting of the d orbitals that are not included in the present DFT calculation (44, 45) . Although vibronic coupling and vibronic distortions are important, particularly for excited state dynamics, they do not change the basic conclusions of the present study. These factors could give rise to a barrier at Q P ϭ 0.0 Å (Fig. 1 A) , i.e., the quintet-singlet (2-0) transition would appear as a curve crossing if the deoxy quintet state were 10 kJ͞mol or more in energy (43) . The relationship between the potential energy surfaces for Im-FeP-CO is quite different from that for Im-FeP-NO and Im-FeP-O 2 , where the S ϭ 5͞2 and S ϭ 2 configurations, respectively, would have no barrier because of curve crossing unless they were lowered in energy by more than 50 kJ͞mol. The S ϭ 3͞2 and S ϭ 1 states of NO and O 2 , respectively, are bound states for Q P ϭ 0.0 Å (Fig. 1 D and G,  respectively) . By contrast, the neither the intermediate spin state (S ϭ 1) nor the high spin state (S ϭ 2) are bound states for Im-FeP-CO. The quantity ⌬U* is the height of the energy barrier. It is the energy of the high-spin state at the crossing point (given as Q C) relative to the value of the system in the high-spin state at Q D ϭ 10.0 Å. QC given in Å; ⌬U* given in kJ͞mol. NC, no crossing; NB, no barrier.
Discussion
The remarkable range of recombination lifetimes for CO, NO, and O 2 can be explained by considering the differences in the spin states of the respective diatomic ligands. In the sixcoordinate bound state with heme iron the spin states are S ϭ 0, S ϭ 1͞2, and S ϭ 0, for Im-FeP-CO, Im-FeP-NO, and Im-FeP-O 2 , respectively. After photolysis, the diatomic ligands move away from the iron along the coordinate Q D and the spin state of the iron changes from S ϭ 0 to S ϭ 2 as the d-electrons populate the d z 2 and d x 2 -y 2 orbitals of the five-coordinate adduct (2) . Experimental evidence suggests that iron out-of-plane motion is extremely rapid along coordinate Q P (46, 47) . We therefore assume that the heme iron reaches its equilibrium position in the deoxy state on a time scale that is short compared with ligand recombination. The equilibrium position is calculated to be at Q P ϭ 0.25 Å. X-ray crystal structures give Q P Ϸ 0.4 Å (48, 49) . The calculations of Im-FeP-XO (X ϭ C, N, and O) models consider geometries at Q P ϭ 0.2 and 0.4 Å to include two possible out-of-plane geometries. Given the rapidity of photolysis, it is reasonable to assume that the spin state of the iron is randomized relative to that of the photolyzed ligand (2, 50) . The assumption that the spin states of the free ligands and the iron are uncorrelated implies that possible spin states are S Fe ϩ S ligand , S Fe ϩ S ligand Ϫ 1, . . . ͉S Fe Ϫ S ligand ͉. In the model calculations for dissociated states the spin states are S ϭ 1 or 2, S ϭ 3͞2 or 5͞2, and S ϭ 1, 2, or 3 for the unbound Im-FeP:CO, Im-FeP:NO, and Im-FeP:O 2 adducts, respectively.
A L-Z model, presented first in a study of CO recombination kinetics (43) provides a unified approach to the treatment of the kinetics of the three diatomic ligands. The L-Z approach is ideal for treatment of cases where the electronic coupling can be either in the adiabatic or nonadiabatic regime. For large electronic coupling, the adiabatic basis is most convenient. In this basis, the nuclei follow one potential energy surface in the transition from reactants to products. For small electronic coupling, the system must jump from one potential energy surface to the other and the nonadiabatic basis is most convenient. The L-Z model for the electronic coupling bridges both regimes by including both the nuclear velocity of moving through the transition state (TS) and the differential force felt by the nuclei as the move through the crossing region. For nonadiabatic transitions, the nuclei move rapidly through the transition region with a frequency and jump from one surface to the other with a frequency given by the L-Z probability. As nuclear motion slows down the nuclei spend more time in the crossing region and the process begins to resemble an adiabatic process in which the electronic state gradually takes on the character of the product state. Although the probability is larger for adiabatic transfer, the L-Z model is also valid for the probability in the nonadiabatic regime. Given the large differences in electronic coupling between the three diatomic ligands considered here, the L-Z approach is well-suited to describe the nature of coupling in the crossing regions shown in potential energy surfaces in Fig. 1 . The L-Z approach begins with the definition of the TS rate constant for diatomic ligand recombination (51):
where ⌬S* and ⌬H* are the activation entropy and enthalpy, respectively. The activation enthalpy, ⌬H* is related to the activation internal energy, ⌬U* calculated in Table 3 by ⌬H* ϭ ⌬U* ϩ RT. The activation entropy can be obtained from the partition function and is discussed elsewhere (43) . The entropy factor, e ⌬S*/R does not differ significantly for the three diatomic ligands, CO, NO, and O 2 . The prefactor is the L-Z form of the electronic factor:
The velocity in the direction of the iron is ͌ kT͞M according to the kinetic theory of gases, where M is the total mass M of each diatomic. (52, 53) . If the ligand is not in a bound state, the attempt frequency for approach to the TS corresponds to heme doming with a frequency of Ϸ50-100 cm Ϫ1 (54) (55) (56) . The frequencies in the bound states can be estimated by calculating the curvature, i.e., the second derivative of the potential energy surface at the minimum (Eq. 1). For example, using the assumption of a diatomic harmonic oscillator with a mass of the Im-FeP (440 a.m.u.) and the CO (28 a.m.u.), the calculated frequency is 508 cm
Ϫ1
, which is good agreement with the experimental value of 507 cm Ϫ1 for the Fe-CO stretch in myoglobin (53) . The L-Z model indicates that bound states have a frequency factor that is Ϸ1 order of magnitude larger than the frequency factor for dissociative states. According to the DFT method and the L-Z model, both the electronic coupling, H ij , and the attempt frequency, , are significantly larger for NO and O 2 ligands in bound states compared with CO, which is in a dissociative state. Thus, NO and O 2 are predicted to have much more rapid intrinsic geminate recombination rates in agreement with experimental observations. The electronic factor H ij is also an important factor that gives rise to spin-dependent rate constants. For a transition involving the change of only a single spin (e.g., triplet -singlet) i ϭ j Ϯ 1. Transitions that involve two or more changes in spin may occur by a sequential or superexchange mechanism (57) (58) (59) (60) (61) . In a sequential mechanism there are two processes both having i ϭ j Ϯ 1. In a superexchange mechanism, there is a single electronic coupling matrix element H ij , where i ϭ j Ϯ 2. For example, a quintet-singlet coupling has the following relationship to the single spin coupling for 0-1 or 1-2:
Because both 0 3 1 and 1 3 2 involve a single spin change, we assume that H 01 Ϸ H 12 and ⌬E 01 Ϸ ⌬E 12 , then H 02 Ϸ 2H 01 2 ͞⌬E 01 . This simple model can be related to the potential energy surfaces calculated for CO, NO, and O 2 rebinding. To determine ⌬E 01 we examine the energy gap from 0-1 at the 0-2 crossing point (or the energy from 1͞2-3͞2 at the 1͞2-5͞2 crossing point for NO). The magnitude of ⌬E 01 is given in Table 4 . A typical value is ⌬E 01 Ϸ 500-1,000 cm ). Given the close proximity of the crossing points for the three potential energy surfaces shown in Fig. 1C , there is likely a lower bound estimate for the superexchange coupling. Because the L-Z rate constant is proportional to the square of the coupling matrix element, the superexchange model predicts a singlet-triplet (or quartetdoublet) transition could be as large as 10 6 times larger than the singlet-quintet (or hextet-doublet).
The L-Z force or difference in slope of the potential surfaces, ͉Ѩ͞ѨQ(H ii Ϫ H jj )͉, has a relatively small effect on the relative magnitude of the rate constants. The potential energy surfaces were used to estimate the change in the slope at the crossing point, ͉Ѩ͞ѨQ(H ii Ϫ H jj )͉ given by the A coefficients of the respective potential energy surfaces fit to Eq. 1. The differences in slope are relatively small when various diatomic ligands are compared (see supporting information). The 0-2 and 1͞2-5͞2 crossings of O 2 and NO, respectively can be compared with the 0-2 crossing of CO for the geometry Q P ϭ 0.4 Å. The reason for this choice is that the spin gap of all of the ligands is comparable at this geometry. For the double spin flip transitions corresponding to Fig. 1 C, F, and I, the slopes are all comparable, ͉Ѩ͞ѨQ(H ii Ϫ H jj )͉ ϭ 19.7, 9.9, and 16.0 kJ͞mol͞Å for Im-FeP-CO, Im-FeP-NO, and Im-FeP-O 2 , respectively. Thus, the difference in slope may give rise to, at most, a factor of 2 greater rate constant for the NO ligand relative to CO in a superexchange mediated recombination step.
The various factors that contribute to the L-Z rate constant and prefactor (Eqs. 3 and 4) are combined in the calculated rate constants given in Table 5 , which were calculated by using a consistent set of assumptions for all of the ligands and spin states. The calculations were carried out for two different proximal iron out-of-plane displacements with the exception of the in-plane geometry (Q P ϭ 0.0 Å) for Im-FeP-CO, which shows no curve crossing in the DFT calculated potential energy surfaces. Because quintet state of Im-FeP-CO is dissociative (Fig. 1 A) the result for Q P ϭ 0.0 Å would be quite similar to that given in Table  5 for Q P ϭ 0.4 Å, and therefore in agreement with experiment as has been shown in detailed experimental studies of CO recombination (43) . The superexchange mechanism is required for CO because S ϭ 1 state is not a bound state and cannot be a true intermediate. Both O 2 and NO have bound intermediate states as shown in Fig. 1 and Table 2 , consistent with the existence of a sequential recombination pathway. The L-Z approach suggests several factors that give rise to rapid phases of NO and O 2 rebinding relative to CO. In the proper spin state of NO or O 2 , a bound state is formed that changes the dynamics of the curve crossing by increasing the effective frequency by an order of magnitude. The smaller L-Z force and small barriers for NO and O 2 also play a major role. All of these features are predicted by the potential energy surfaces in Fig. 1 using the L-Z model.
Conclusion
The L-Z model explains the differences in recombination kinetics among the diatomic ligands CO, NO, and O 2 . The model is based on quantitative estimates of the spin gaps and curve crossings shown in Fig. 1 and reported in Tables 3-5 . There are two possible approaches to the TS in systems of the type Im-FeP-XO. In the distal approach to the TS, the diatomic ligand XO fluctuates in a potential well near the iron along coordinate Q D with frequency Fe-XO . In the proximal approach to the TS, the iron fluctuates about its equilibrium position in the deoxy state and samples various proximal geometries along the outof-plane coordinate Q P with a frequency Fe doming . There is a competition between the barrier to the iron moving into the plane along Q P and the barrier along the ligand trajectory Q D . The intermediate and high spin states of NO and O 2 are all bound states (except the S ϭ 3 state of O 2 ) as shown in Table 1 . Recombination from these bound states implies that the distal approach to the barrier occurs for NO and O 2 (except when the barrier is higher than the proximal Fe barrier). The presence of bound intermediate states for NO and O 2 means that a sequential mechanism is applicable. As shown in Table 5 , the sequential mechanism gives the correct order of magnitude for the rate For CO and O2, the energy of the S ϭ 0 3 S ϭ 1 spin gap, ⌬E01 is given at QC, the crossing point of the S ϭ 0 3 S ϭ 2 potential energy surfaces. Fig. 1C shows one example of a crossing point for the high-spin (S ϭ 2) to low-spin (S ϭ 0) state for CO. For NO the energy of the S ϭ 1͞2 3 S ϭ 3͞2 spin gap, ⌬E 1/2-3/2 is given at Q C, the crossing point of the S ϭ 1͞2 3 S ϭ 5͞2 potential energy surfaces. NA, not applicable. The calculated rate constants use the L-Z model with parameters obtained from the DFT calculations following Eqs. 1 and 2. † The superexchange coupling in the text is a lower bound. The estimate used for CO and NO calculations is H02 ϭ 0.05H01 or H1/2,5/2 ϭ 0.05H1/2,3/2, respectively. The estimate for oxygen is four times larger relative to CO or NO due to the fact the energy denominators in Table 3 are approximately four times smaller for O 2, i.e. H02 ϭ 0.2H01. ‡ The binding on the distal side is sufficiently weak that the proximal side dynamics govern the approach to the transition state. Therefore, the relevant frequency in the L-Z expression is the doming mode (50 cm Ϫ1 ). § The barrier height is estimated based on a comparison of QP and QD potential surfaces (44) . ¶ When ⌬U* ϭ 0.0 corresponding to no barrier, then ⌬H* ϭ RT, where R is the universal gas constant and T is temperature. The sequential mechanism is not possible for NO when QP ϭ 0.0 Å because of the order of the curve crossings.
constant for NO and O 2 . By contrast, the sequential mechanism does not apply to CO recombination, and the superexchange model applies, giving a much smaller rate constant consistent with experimental observations. The rebinding rate for the triplet state (S ϭ 1) of Im-FeP-O 2 is the greatest of all of the ligands because it is barrierless and it is in a bound state. The calculations show agreement with experiment, both in time scale and in that recombination can occur to an out-of-plane geometry of the heme iron. The same considerations apply to intermediate spin state (S ϭ 3͞2) of NO, which is bound for Q P Ͻ 0.2 Å. NO can also recombine with an out-of-plane iron (Q P ϭ 0.4 Å). It has been suggested that the TS for CO is nearly planar. Unfortunately, further assumptions must be applied to interpret the Q P ϭ 0.0 Å potential energy surfaces for Im-FeP-CO shown in Fig. 1 A because there is no 2 3 0 curve crossing and the L-Z model cannot be applied. Nonetheless, the activation barrier for CO rebinding, ⌬U* ϭ 20 kJ͞mol, which arises from the approach of high spin iron to the heme plane can be applied to the Q P ϭ 0.4 Å potential energy surfaces in Fig. 1C , and the rate constant calculated in Table 5 gives reasonable agreement with experiment.
The statistics of the spin states are most evident in O 2 , where there are three vastly different time scales for recombination. The statistical distribution of O 2 spins is reflected in the distribution of kinetic processes. Roughly one-third of photolyzed O 2 molecules recombine on the picosecond time scale ( O 2 Ϸ 3 ps) and one third recombine on a nanosecond and slower time scale that includes the bimolecular process. The bimolecular phase implies a statistical distribution of O 2 ligands that escape into the solvent. The rate-limiting step for the bimolecular process is entry into the globin and the spin states (1 3 0 and 2 3 0) that recombine the most rapidly will dominate the observed recombination. Thus, the 3 3 0 direct process for O 2 may not contribute at all to the observed bimolecular kinetics. Statistically, one-half of the NO ligands have the appropriate spin to recombine by the 3͞2 3 1͞2 pathway. The rapid recombination of the quartet (S ϭ 3͞2) state suggests that a sequential mechanism can lead to rapid NO recombination from the hextet state as well. Table 5 shows that good agreement is obtained if it assumed that the 5͞2 3 3͞2 transition is rate limiting for the sequential mechanism. These considerations explain the rapid ( NO Ϸ 10 ps) time constant for NO recombination and the slower phase ( NO Ϸ 200 ps).
Geometric constraints by the protein can inf luence the observed recombination rate. Fig. 1 shows that confinement of the diatomic ligand close to the heme iron, e.g., when Q D Ͻ 3.0 Å, significantly increases the energy of the highest spin states for each respective ligand. Although this particular aspect involves further assumptions, it is clear that this confinement will increase the recombination rate constant. This explains the viscosity dependence of NO recombination (15) , fast NO recombination in FixL (31) , and the increase in CO recombination rate constant in some constrained enviroments as well.
In conclusion, spin-dependent dynamics explain the profound difference between NO and O 2 recombination relative to CO recombination. The intermediate spin state (quartet or triplet) is a bound state for open shell diatomics, whereas for CO the triplet state is not a bound state and provides no direct channel that would permit a sequential mechanism. The DFT calculations of potential energy surfaces provide energetic estimates for a consistent interpretation in terms of the various spin states giving a detailed mechanistic picture for thermal recombination in heme proteins.
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